Sub-surface operations such as geological carbon storage include the production, storage at surface and re-injection of formation water. Here we present results from a field-based experiment, detailing the important role of storage conditions controlling mineral dissolution and precipitation associated with the re-injection of production water. During water storage at surface, the cooling and degassing of CO 2 from produced waters and oxygenation coincides with a decrease in dissolved ions, which indicate carbonates, silicates and iron oxyhydroxides precipitate. The re-injected water is undersaturated relative to carbonate minerals under reservoir conditions leading to their dissolution in the reservoir.
Introduction
Water is often injected or co-injected with CO 2 into reservoirs as part of enhance oil recovery (EOR) projects to improve well injectivity and help enhance oil recovery [1] [2] [3] [4] . In natural gas projects such as coal seam gas (CSG) and shale gas projects re-injection of produced water (produced during the extraction of the natural gas) has also been implemented [5] [6] [7] [8] . For example, the majority of produced water in United States has been re-injected into reservoirs [5, 6] . Recently, water and CO 2 have been co-injected in carbon sequestration projects to enhance CO 2 solubility and minimise CO 2 leakage [9] [10] [11] [12] [13] [14] [15] . In general, water treatment is required to remove materials that may cause the clogging of aquifers and avoid the deterioration of reservoir water's quality as well as scale and corrosive issues [16, 17] . However, the impact of water storage and treatment on changes to the geochemical composition of produced waters at surface and the subsequent dissolution and precipitation of minerals within the reservoirs has not been addressed [1, 5, [8] [9] [10] [11] [12] [13] 17] .
The re-injection of produced water could result in mineral dissolution and precipitation as well as the corrosion of metal in surface, down hole and injection equipment. Precipitation of carbonates (scaling issues) and corrosive issues could affect the production in reservoirs, water quality and damage the equipment [6, [18] [19] [20] [21] . Dissolution and precipitation of minerals are strongly impacted by their saturation state [22, 23] . For example, dissolution of an example carbonate can be written as: 
where M 2+ may be Mg
2+
, Fe 2+ or Ca
. For the reaction (1), the term log(Q/K) is defined as the saturation index (SI), which defines the saturation state of a mineral. Q and K are ion activity products, away from and at equilibrium, respectively. Thus, SI is calculated as: (2) where a are the activities of the aqueous species, the superscript eq given for the system at equilibrium. Therefore, when log(Q/K) = 0 the system is at equilibrium, or saturation. When log(Q/K) > 0 the system is supersaturated, thus the reaction proceeds to the left (i.e., carbonates tend to precipitate). When log(Q/K) < 0 the system is undersaturated and thus the reactions proceeds to the right (i.e., carbonates tend to dissolve). The mineral saturation may be dependent on pH, temperate, pressure and redox state of the system [24] [25] [26] [27] , depending upon the type of reaction. Generally, increases in temperature and deceases in pH cause increases in mineral-dissolution rates, resulting in increases in the concentration of aqueous species and eventually the system approaches saturation [26, 27] . The impact of pressure and redox state on saturation state is dependent on specific minerals and the chemical composition of the contacting fluid. For instance, saturation state of carbonates is dependent on CO 2 solubility, which is strongly controlled by pressure and temperature [28, 29] . Increases in pressure and decreases in temperature will result in increases in CO 2 solubility [29] . If there are available divalent cations (such as Ca 2+ and Mg 2+ ) in the fluids, the carbonates will approach saturation and eventually precipitate [28] . Redox state is only important when the system consists of redox sensitive aqueous species (such as dissolved Fe 2+ and Fe
3+
) and minerals (such as pyrite and siderite). For instance, Stefánsson et al. [25] show that precipitation of Fe(III) hydroxides and their saturation state are related to the concentration of Fe 2+ and Fe 3+ in natural waters of North Iceland [25] .
Here we present results from the Otway 2B extension project where the impact of CO 2 impurities (O 2 and SO 2 ) on water-rock interactions in the Paaratte Formation of the Otway Basin, Australia was studied in a series of push-pull experiments. Two field experiments (Test 1 and Test 2) were performed to evaluate the effects of the CO 2 impurities. Test 1 (of which pure CO 2 was co-injected with water) was conducted as a baseline experiment, while Test 2 (of which CO 2 with the impurities was co-injected with water) was carried out immediately after Test 1 to evaluate the mineral-fluid interactions in the presence of the impurities. Details of the experiments and the impact of the impurities can be found in Vu et al. [30] and Black et al. [31] . In this paper, the impact of water storage prior to injection is evaluated and the role of Fe depletion will be highlighted. Aqueous speciation and reaction pathway modelling were also employed to better understand the water-fluid interactions.
Materials and methods

Field experiments
During the Otway 2B Extension experiment over 500 tonnes of formation water was produced and stored at the surface in three holding tanks up to 36 days before two proportions of the water were co-injected with CO 2 with and without impurities [30] . Prior to the injection, oxygen was removed from the injection water using an oxygen scavenger to reduce the dissolved oxygen concentration to less than 500 ppb. The O 2 depleted waters were mixed with CO 2 (Test 1) and CO 2 with impurities (SO 2 and O 2 , Test 2) and then injected to 1.4 km-deep Paaratte Formation of the Otway Basin [30] . Four different unreactive tracers were added into the injection water to monitor fluid mixing in the subsequent back-produced water [31] . In Test 2 the concentrations of the impurities (SO 2 and O 2 ) are 67 ppm and 6150 ppm vol/vol, respectively. Water samples were taken during three production stages using a Utube system [32] . For more details on sampling procedure see Vu et al. [30] . Once collected, the water samples were analysed on site for pH, conductivity, total dissolved solids (TDS), redox potential, dissolved oxygen and total alkalinity (TA). Water samples were also filtered through 0.45 μm cellulose acetate syringe filters before being acidified to pH 2 with concentrated ultrapure HNO 3 acid for cation analysis using ICP-OES. Proportions of the filtrates were preserved at 4C for anion analysis using IC.
Geochemical modeling
Reaction path modelling and speciation modelling were performed using Geochemist's Workbench 9 Pro software (GWB) and thermo.com.V8.R6+ database [33] . See Vu et al. [30] for more details. The mineral composition employed for the modelling in Test 1 is presented in Table 1 . The mineral composition for simulation in Test 2 is taken from the results of the modelling in Test 1. 
Hydrological mixing modeling based on tracer results
Injected tracers did not behave conservatively thus it is likely that the back-produced water was a mixture of two end members, namely formation water and injection water [31] . Of the four injected tracers, Br -and Li + were considered as the best tracers and selected to evaluate the fluid mixing. More details can be found in Black et al. [31] . The estimated concentrations in the back-produced water henceforth will be mentioned as "expected" assuming conservative behaviour. In other words, the "expected" concentrations do not account for water-rock interactions.
Results and discussion
Formation water, production water and injection water
Selected composition of formation water, production water and injection water is presented in Table 2 . Concentrations of Na + and Cl -in injection water in Test 1 and 2 were higher than in the formation water. The differences in concentrations of Na + and Cl -are due to the injection water in both Test 1 and 2 being enriched in those ions as the result of the tracer addition. It is noted that the production water was contaminated by KCl, a chemical used in the completion fluid during the construction of the CRC-2 well. In comparison, concentrations of Ca 2+ , Mg 2+ , Si and total Fe decreased in the following order: the formation water ~ production water > injection water in Test 1 > injection water in Test 2 ( Table 2 ). The decrease in the concentrations of Ca 2+ , Mg 2+ , Si and total Fe is likely due to precipitation of Fe(III) oxides/hydroxides, carbonates and silicates during the storage of the production water prior to injection. Formation water was ~ 50% saturated with dissolved CO 2 (with residual CO 2 from the previous 2B project, which was executed > 3 years prior to this study [16] ), thus had a pH of 4.9 (pH calculated using the SpecE8 module of the Geochemist's Workbench 9). Once exposed to ambient conditions (i.e., the water was produced and stored at the surface), the CO 2 gas was exsolved, causing pH to increase to 6.9 (measured pH). In addition, the temperature and pressure of the water also dropped from 60 °C and 140 bar to ambient temperature and pressure, respectively. The rise in pH, the reduction in temperature and pressure as well as the oxygenation in the holding tanks at the surface led to supersaturation of several undersaturated minerals such as calcite and dolomite (calculated SI increased from -0.74 and -0.07 to 0.59 and 2.55, respectively) or further supersaturation of other minerals such as hematite, goethite and chalcedony (calculated SI increased from 6.42, 2.65 and 0.41 to 24.1, 11.6 and 1.02, respectively), causing them to precipitate. This observation is supported by the decreases in total alkalinity in injection water compared to the production water.
It is noted that the concentration of K + and SO 4 2-in the injection water of Test 1 and 2 is higher than in the production and formation water. However, the variation in K + and SO 4 2-concentration is either within or close to the concentration range of the production water, except for SO 4 2-concentration in the injection water Test 2 ( Table 2 ). The reason for the increase in SO 4 2-concentration in the injection water Test 2 is unknown, probably due to the oxidation of reduced sulphur species during the storage. Note: Fm, Prod, Inj, TDS and TA are representing for fresh formation water, production water, injection water, total dissolved solid (ppm) and total alkalinity (mg CaCO 3 /L), respectively. All concentrations are reported in mg/L. The reported values for the production water are the averages of ten water samples, taken in ten consecutive days during the production phase. The reported values for fresh formation water are the averages of three water samples taken after the water production phase and prior to Test 1. These values are used in mixing models as mentioned in section 2.2.
Water-rock reactions and changes water composition
Test 1
After the co-injection of water with CO 2 in Test 1 and a soaking period, water was back-produced. The results showed very little difference between measured and expected concentrations of ions as well as TA and TDS in the back-produced water ( Fig. 1 and Vu et al. [30] ). Take Ca 2+ concentration for example, the measured Ca 2+ concentration fluctuated around the estimated value of ca. 100 mg/L (Fig. 1a) . The consistency between measured and expected concentrations of ions as well as TA and TDS indicates that there was no or very minor acid-promoted dissolution of minerals (such as calcite) within the reservoir [30] . As mentioned in section 3.1 the saturation indices of the reactive minerals such as calcite and dolomite in the injection water were lowered by the storage conditions. This means the saturation state of these minerals in the injection water was shifted towards undersaturation from the "existing equilibrium" of the formation water. It is, thus, expected that the injection of this water would cause the dissolution of these reactive minerals to re-establish the existing equilibrium between the formation water and the reservoir minerals. The lack of evidence of mineral dissolution could be explained by low dissolution rates of the reactive minerals. It is likely that the duration of the field experiment (approximately 3 weeks) was relatively short that the dissolution of the minerals was not captured. It has been shown that not only saturation state but also kinetics controls mineral dissolution and precipitation. For example, dolomite precipitation is not widely recorded in modern marine sediments although the surface seawater is supersaturated with respect to dolomite; and a low rate of precipitation was attributed the paucity of dolomite [23 and references therein].
On the other hand, the co-injection led to a significant difference between measured and expected total Fe concentration in the back-produced water. The Fe concentration rose gradually from ca. 13 mg/L at 2.5 tonnes of water was produced then levelled off at ca. 20 mg/L after approximately 25 tonnes of water was produced. The Br -mixing model underestimated the amount of dissolved Fe observed in Test 1, with the expected Fe concentration increasing slightly from 0.7 mg/L to 5.5 mg/L (Fig. 1b) . The difference between the expected and the measured values indicates that there was an additional source contributing to the increase in dissolved Fe. The rise in Fe concentration is possibly the result of dissolution of iron-bearing minerals (such as siderite and chlorite) within the reservoir. Injected water was Fe depleted (Table 2) , thus mineral dissolution is likely the consequence of a rapid response to restore the existing equilibrium between iron-bearing minerals and the formation water (i.e., to reach Fe concentration of ca. 20 mg/L). This is supported by significantly lower SI calculated for siderite (FeCO 3 ) and chlorite (chamosite-7A, Fe 2 Al 2 SiO 5 (OH) 4 ) in the injection water (-4.98 and -18.77, respectively) compared to the formation water (0.45 and -7.29, respectively). Note that these saturation indices of the minerals in the injection water and formation water were calculated under the reservoir conditions (i.e., at 60 ºC and in the presence of saturated CO 2 ). 4 2-and Fe concentrations were fairly well predicted by the model using GWB. The model predicted that a small amount of siderite (0.015 cm 3 , lost volume, Fig. 2a ) dissolved, leading to an increase in Fe concentration. Simultaneously, there were minor dissolution of some other minerals like calcite and dolomite and precipitation of hematite and quartz (data not shown). The magnitude of these mineral reactions was relatively small compared to siderite dissolution and reflected by the small difference between measured and predicted concentrations of ions (such as Si, Ca 2+ and Mg
2+
). The predicted dissolution of siderite and minor dissolution of other minerals such as calcite and dolomite are consistent with experimental data from the field experiment (see above). It was predicted that the dissolution of siderite was controlled by the existing equilibrium between formation water and Fe-bearing minerals in the reservoir. The dissolution of siderite finished after the existing equilibrium was re-established (i.e., when Fe concentration reached ca. 17.5 mg/L, Fig. 2a ). , (e) SO 4 2-and (f) Mg 2+ in the back-produced water in Test 1.
Test 2
Similar to Test 1, the co-injection of CO 2 with CO 2 impurities and water in Test 2 resulted in little differences between expected and measured concentrations of ions such as Ca 2+ , K + , Si and Mg 2+ as well as TA and TDS, but a large difference between expected and measured total Fe and SO 4 2-concentrations in the back-produced water ( Fig.  3 and Vu et al. [30] ). For instance, the expected and measured concentration of Ca 2+ increased slightly from ca. 20 mg/L to ca. 40 mg/L, (Fig. 3a) . Interestingly, the Fe concentration in Test 2 was similar to its concentration in Test 1 (Fig. 3b) . In Test 2 the Li + mixing model underestimated the Fe and SO 4 2-concentrations, with the expected Fe concentration increased from 4 mg/L to ca. 10 mg/L, while the measured concentration of Fe rose moderately from ca. 9 mg/L to ca. 21 mg/L (Fig. 3b) . Once again, the consistency between expected and measured concentrations of major ions (such as Ca 2+ ) suggests that the magnitude of acid-enhanced dissolution of reactive minerals was very small. The increase in measured Fe concentration compared to expected values repeatedly indicates that the additional Fe was caused by dissolution of Fe-bearing minerals (such as siderite) to re-gain the equilibrium between the Fe-bearing minerals and formation water. This is corroborated by major difference in calculated SI for siderite and chlorite (chamosite-7A) in the injection water Test 2 (-10.30 and -29.20 , respectively) compared to the formation water (0.45 and -7.29, respectively). Note that the saturation indices of the minerals in the injection water and formation water were calculated under the reservoir conditions as mentioned above. The increase in SO 4 2- concentration was caused by oxidation of the co-injected SO 2 and oxidation of pyrite [30] . The siderite dissolution, as indicated by the experimental results, was confirmed by the reaction path modeling (Fig.4) . However, the model underestimated the Ca 2+ and Mg 2+ concentrations in Test 2 ( Fig. 4 and Vu et al. [30] ). The disagreement between predicted and measured Ca 2+ and Mg 2+ concentration is caused by the mixing between the injection water and the formation water, which the reaction path model is unable to estimate [30] . The model predicted that the Fe concentration was controlled by siderite dissolution, with the predicted Fe concentration leveling off after the dissolution of siderite stopped and at that point the equilibrium between Fe-bearing minerals and formation water was re-established. Though the measured and predicted Fe concentration in Test 1 and 2 were very similar (Figs. 2-4 
Conclusion
CO 2 and formation water were co-injected in a field experiment executed to evaluate the impact of CO 2 impurities on water quality of a siliciclastic reservoir. Prior to the co-injection formation water was produced, stored a) b) c)
in holding tanks at the surface, circulated within the holding tank to ensure added tracers dissolved homogeneously and deoxygenated. Water storage and treatment under ambient conditions at the surface (i.e., increase in pH, reduction in temperature and pressure, a change in redox state from reducing to oxidising condition, residence time in the holding tanks and the circulation of production water) resulted in precipitation of carbonates, silicates and ion oxides/hydroxides. This resulted in decreases in concentration of several ions such as Ca 2+ and Mg
2+
, and subsequently undersaturated or further undersaturated water with respect to several reactive minerals (such as calcite) and Fe depleted injection water. Injection of this water caused the dissolution of Fe-bearing minerals (such as siderite) to re-gain the existing equilibrium between the Fe-containing minerals and the formation water. Dissolution of the other minerals such as calcite and dolomite is probably too slow to be observed during the field experiment. The dissolution of the Fe-containing minerals led to changes in water composition of the reservoir, and this impact should be taken into account when considering injection of Fe-depleted water to reservoirs. For example, in carbon capture and storage, EOR and coal seam gas projects, the injection of Fe-depleted water could induce dissolution of Fe-bearing mineral such as siderite and pyrite. Fe and trace metals (such as Mn, Cu and As) that are often associated with these Fe-bearing minerals thus would be subsequently released into the reservoirs.
